Mutations in "thin" extra-and intracellular gates of GAT-1 impair gating and transport. Results: Transport activity of extracellular gate mutant can be rescued by its intracellular counterpart. Conclusion: A functional interaction of the external and internal gates of GAT-1 is essential for transport. Significance: The new insights into GAT-1 gating may be relevant for other transporters.
INTRODUCTION
Neurotransmitter-transporters play a crucial role in the process of neurotransmission. These membrane proteins harness energy from the sodium gradient for the uphill translocation of neurotransmitters into the cells surrounding the synapse. This process decreases the synaptic neurotransmitter concentrations and leads to signal termination (1, 2) . With the exception of Glutamate transporters, the transporters for other neurotransmitters, such as GABA (GAT1-4), serotonin (SERT), dopamine (DAT), norepinephrine (NET) and glycine (GLYT1,2) belong to the family of Neurotransmitter: Sodium:Symporters (NSS), which couple the flux of neurotransmitter not only to that of sodium, but also to that of chloride. The GABA Transporter-1 (GAT-1) catalyzes electrogenic sodium-chloride-GABA transport with a stoichiometry of 2Na + :1Cl binding of at least one sodium ion (Fig. 1A ). This binding event (Fig. 1A , step 1) produces capacitative currents when GABA is absent (3) (4) (5) . This is due to the transition of the negatively charged empty transporter from the inward-to the outward-facing conformation (Fig. 1A , step 5), (6) . The publication of the first high-resolution crystal structure of the bacterial NSS homologue LeuT represented a landmark for the field of NSS transporters (7) . This structure appears to be an excellent model for the NSS neurotransmitter transporters (8) (9) (10) (11) . LeuT consists of 12 TMs with TM1-5 related to TM6-10 by a pseudo-2-fold axis in the membrane plane and its binding pocket is located at the interface of these two domains. The conformation of LeuT is predominantly outward (extracellular)-facing with its binding pocket occluded from the cytoplasm by ~20Å of ordered protein (7) . In addition to the "thick" cytoplasmic gate, this LeuT structure contains a "thin" extracellular gate where just a few highly conserved residues, a pair of conserved aromatic amino acid residues and a conserved charged pair composed of an aspartate residue (Asp-404) from TM10 and an arginine residue (Arg-30) from TM1 obstruct the binding pocket (Fig. 1B) . In turn the position of the conserved arginine is stabilized by the interaction with a conserved glutamine residue (Gln-250) from TM6 (7) . In GAT-1 these residues are Arg-69, Gln-291 and Asp-451. Because several of the homologous residues are critical for transport in GAT-1 (12) (13) (14) (15) (16) (17) , it is likely that the formation of the "thin" gate is an obligate intermediate during substrate translocation: the transition from the outward-to the inward-facing conformation. We have recently shown that perturbation of this thin gate of GAT-1 by mutation increases the proportion of outwardfacing transporters (6) . Another conserved charge pair, Arg-44 and Asp-410 in GAT-1, is located near the cytoplasmic surface and probably acts as a "thin" intracellular gate (7), (Fig. 1B) . Indeed, mutation of these residues in the dopamine transporter DAT, as well as of residues interacting with this charge pair, resulted in an increase of the proportion of inward-facing transporters (18) . Interestingly, Zn 2+ ions, which can increase the proportion of outward-facing DAT by an unknown mechanism, can partly compensate for the transport defect of the "thin" intracellular gate mutants (18) . Here we ask the question if the impact of mutations in the "thin" external gate of GAT-1 can be compensated by mutation of the "thin" intracellular gate residues. Our results indicate that the functional interaction of the external and internal gates of GAT-1 is essential for transport.
EXPERIMENTAL PROCEDURES
Generation and Subcloning of Mutants-Mutations were made by site-directed mutagenesis of GAT-1 in the vector pBluescript SK -(Stratagene) using single-stranded uracil-containing DNA as described previously (19, 20) . Briefly, the GAT-1 containing plasmid was used to transform Escherichia coli CJ236 (dut-, ung-). From one of the transformants, single stranded uracilcontaining DNA was isolated upon growth in uridine-containing medium according to the standard protocol from Stratagene, using helper phage R408. This yields the sense strand, and consequently, mutagenic primers were designed to be antisense. The mutants were subcloned into either GAT-1-WT or the mutants C74A or C399A (15, 21, 22) , residing in the vector pBluescript SK-, using the unique restriction enzymes NheI and AgeI, and were sequenced between these two restriction sites.
Cell Growth and Expression-HeLa cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 200 units/ml penicillin, 200 µg/ml streptomycin, and 2 mM glutamine. Infection with recombinant vaccinia/T7 virus vTF7-3 (23) and subsequent transfection with plasmid DNA, as well as GABA transport, were done as published previously (24) . The expression vector was pBluescript SK -. Transport was performed usually for 10 min. unless indicated otherwise. The values for the mutants were normalized to those of GAT-1-WT, as indicated in the Figure Legends. In the experiments determining the dependence of transport on the external sodium concentration, the indicated sodium concentrations were achieved by equimolar replacement of NaCl in the transport solution (150 mM NaCl, 0.5 mM MgSO 4 , and 5 mM KP i , pH 7.4) with choline chloride. In all of the experiments with HeLa cells, the expression vector was pBluescript SK − .
Inhibition Studies with N-ethyl-Maleimide (NEM)-
Prior to the transport assay, cells adhering to 24 well plates were washed twice with 1 ml of the transport medium containing 150 mM choline chloride instead of NaCl. Each well was then incubated at room temperature with 200 µl of the preincubation medium (the different compositions and reagent concentrations are indicated in the Figure Legends) with the 0.5 mM of NEM (Sigma). After 5 min, the medium was aspirated, and the cells were washed twice with the same solution without NEM followed by [ 3 H]-GABA transport. Statistical evaluation of the inhibition of the different mutants utilized a one-way analysis of variance with a post-hoc Dunnett's multiple comparison test, where p<0.05 was taken as significant. Results were plotted using normalized data for each mutant, where the untreated activity levels are normalized to 100%.
Cell Surface Biotinylation-Labeling of wild type and mutant transporters at the cell surface, using Sulfo-NHS-SS-Biotin (Pierce), quenching the reaction, cell lysis, and isolation of the biotinylated proteins by streptavidin-agarose beads (Pierce) were done as described (17) . After SDS-PAGE (10% gel) and transfer to nitrocellulose, the GAT-1 protein was detected with an affinitypurified antibody, directed against an epitope from the cytoplasmic C-terminal tail of GAT-1, at a 1:500 dilution, with horseradish peroxidaseconjugated secondary antibody at a 1:40,000 dilution, and with ECL. 1% of goat serum was present in all antibody-, blocking-, and washingsolutions to minimize the appearance of nonspecific bands. The films were scanned using a standard scanner and quantitative densitometry was done using ImageJ 1.43u and statistical analysis was done with Origin 6.1 software (OriginLab Corporation).
Expression in Oocytes and ElectrophysiologycRNA was transcribed using mMESSAGEmMACHINE (Ambion) and injected into Xenopus laevis oocytes, as described (13) . Oocytes were placed in the recording chamber, penetrated with two agarose-cushioned micropipettes (1%/2 M KCl, resistance varied between 0.5 and 3 mΩ), voltage clamped using GeneClamp 500 (Axon Instruments) and digitized using Digidata 1322 (Axon Instruments both controlled by the pClamp9.0 suite (Axon Instruments). Voltage jumping was performed using a conventional twoelectrode voltage clamp as described previously (25) . The standard buffer, termed ND96, was composed of 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 5 mM Na-HEPES, pH 7.5). The records shown in Figs 4 are typical and representative of results from at least 3 oocytes. In Figure 5 , the currents were normalized as indicated in the legend to plot results of 3 oocytes as means ± S.E. Wherever error bars are not visible, the error was smaller than the size of the symbols.
RESULTS

GABA Transport by the Gate Mutants-
Replacements of residues either from the thin extracellular or intracellular gates (Fig. 1B) resulted, in all cases, in a significant loss of [ 3 H]-GABA transport activity (Fig. 2) . The extracellular gate mutation D451E resulted in a transport activity of 1.4 ± 0.3% of that of WT-GAT-1, in agreement with previously published results (6), (Fig. 2) . D451E was shown to increase the proportion of outward-facing transporters (6) . On the other hand, mutation of Arg-44, which participates in the putative "thin" intracellular gate, is predicted to stabilize the inward facing state. While the mutation R44K led to ~70% decrease in transport activity, the double mutant R44K/D451E had a transport activity of 2.61 ± 0.3% of WT-GAT-1 ( Fig. 2) , which is somewhat higher than that by D451E. This result indicates that there is a functional interaction between the two mutations, because if they would act independently, the activity of the double mutant should be lower than that of either of the single mutants. Because the activity of the double mutant is closer to that of D451E than to that of R44K, it is possible that the stabilization of the outward facing state by D451E has a far stronger impact than the stabilization of the inward facing state by R44K. Support for this idea comes from experiments using R44S instead of R44K. The transport activity of R44S, 1.32 ± 0.13% of that of WT-GAT-1, was much lower than that of R44K but similar to that of D451E (Fig. 2) . Strikingly, the double mutant R44S/D451E exhibited a ~5-fold increase in transport activity relative to each of the single mutants (Fig. 2) . Other double mutant combinations produced even more significant increases in activity (Fig. 2) . The most dramatic synergism was observed with the double mutant D410E/D451E. Its transport activity was 22 ± 2% of WT-GAT-1, more than 10-and 15-fold of that of D410E and D451E, respectively. The synergism was not dependent on the presence of the D451E mutation, because D410E/R69K, another outward/inward combination, also was more active than each of the single mutants. However, the stimulation of activity was not observed with every inward/outward combination, because in the case of D410E/R69Q no synergism was observed. Combinations of single mutants, which showed increased activity when they were in opposite gates, did not result in any measurable activity when present in the same gate, as observed with the double inward mutant R44S/D410E and its double outward counterpart R69K/D451E (Fig. 2) . Since D410E/D451E was the most active double gating-mutant, it was selected by us for further analysis.
K m and V max of GABA Transport of the Gating
Mutants-Previously, we have shown that the impaired transport activity of D451E is due to a higher K m and a lower V max than WT-GAT-1 (6) . In order to gain kinetic insights on how the transport activity is restored in the double gatingmutants, it was essential to measure kinetic parameters of the single inward mutation D410E and the double-gating mutant D410E/D451E. Since the activity of D410E was quite low, we performed a time-course measurement to obtain the time frame in which the rate of transport is still linear and the signal-to-noise is improved. Transport of D410E was linear at least up to 15 minutes (data not shown). Therefore, K m and V max were measured after a 12 min incubation period for this mutant. Although D410E has a very high apparent substrate affinity, its V max is extremely low (Table I) . For D410E/D451E, the Vmax was significantly higher than that of the single mutants and its apparent affinity was intermediate between that of D410E and D451E, with a K m value similar to WT-GAT-1 (Table I) . A lowered V max can be the result of either decreased steady-state levels of the mutant transporters at the plasma membrane or an intrinsic effect of the mutations on the transport activity. The steady-state levels were probed by cell-surface biotinylation of WT-GAT-1 and the gating mutants. Even though D410E/D451E showed only one of the bands observed with WT-GAT-1 and the other mutants, all the bands observed are specific for GAT-1, because they were absent from the biotinylated fraction from cells transfected with the vector alone (Fig. 3, SK) . This band represents the dimeric form of the glycosylated or deglycosylated transporter (26) . The faster running diffuse heterogeneous band and the fastest running species represent the monomeric form of the glycosylated and deglycosylated transporter, respectively (26) . We cannot find an obvious structure-based explanation for this different distribution in the double mutant, but perhaps the simultaneous presence of the two mutations somehow influences the posttranslational processing of the transporter. For quantitation in the linear range (5s of exposure), we summed the intensities of all bands. Clearly the intensity of the band of D410E/D451E is significantly lower than the sum of the WT-GAT-1 bands (Fig. 3) , namely around 24% of that of WT-GAT-1 (Table I) . Therefore, the intrinsic transport activity of D410E/D451E, normalized to the expression levels at the plasma membrane, is actually more than 70% of that of WT-GAT-1 (Table I) .
Interaction of the mutants with sodium-As shown previously, [ 3 H]-GABA transport by the D451E mutant was impaired and GABA-induced steadystate currents could not be detected, but the mutant exhibited sodium-dependent transient currents (Fig. 4B) , (6) . These currents, measured with the Two Electrode Voltage Clamp (TEVC) technique, reflect charge-moving sodium-dependent conformational changes. The voltage-dependence of these transient currents provides information on the apparent affinity of sodium ions to the substrate-free transporter. When the membrane potential of oocytes expressing WT-GAT-1 is jumped from a holding potential of -25 mV to more negative/positive potentials ("on"-phase), inward/outward transient currents are observed, which reflect the binding/unbinding of sodium. Jumping back to the holding potential ("off"-phase) yields equal charge movements in the opposite direction, reflecting the unbinding/binding of sodium. In the case of WT-GAT-1, transient currents in both directions are observed (Fig. 4A) , indicating that at -25 mV only part of the transporters are in the sodium-bound state. When the same voltage-jump protocol is applied to oocytes expressing D451E, only outward transients are observed in the "on"-phase (Fig. 4B) . Thus, essentially all the mutant transporters are in the sodium-bound state at -25 mV, because the apparent affinity for sodium of this mutant is more than three-fold higher than that of WT-GAT-1 (6). Introduction of the D410E mutation in the D451E background renders the voltage-dependence of the transient currents of sodium more similar to that of WT-GAT-1 (Fig.  4C) . Transient currents were not observed with D410E (data not shown). In the presence of both GABA and sodium, WT-GAT-1 exhibits inward-rectifying steady state currents, reflecting electrogenic sodium-coupled GABA influx (Figs. 4A and 5 ). D451E doesn't exhibit detectable steady state currents; however at high concentrations, GABA partially blocks the sodium-dependent transient currents (Fig. 4B) . On the other hand, with D410E/D451E inwardlyrectifying GABA induced steady-state currents were observed (Figs. 4C and 5 ). These currents were fully saturated at 1mM GABA (data not shown). This indicates an increase in the apparent affinity for GABA compared to D451E, where even at 10 mM the blockade of the transient currents was partial and at 1mM of GABA no effect could be observed (data not shown). The voltage dependence of the GABA induced currents by D410E/D451E was similar to that of WT (Fig.  5, inset) , indicating that similar processes generate the current in both these cases. The maximal current (I max ) was 22.7 ± 1.3% of WT (Fig. 5) , in good agreement with the V max values of radioactive transport (Table I) . No GABA-induced steady-state currents were observed with D410E (data not shown). It appears that also with the oocyte expression system, the decrease in maximal velocity of D410E/D451E is due to lower levels of protein on the membrane. This is because the magnitude of the charge moved between -140 and +60 mV, which is proportional to the number of transporters in the plasma membrane, is also significantly smaller than that of WT (Fig. 4) . Quantitative analysis of the charge movements as a function of the membrane potential was performed (Fig. 6) . The Q max values for D451E and D410E/D451E were 101.7 ± 6.6 and 21.3 ± 1.9 % of WT, respectively. In the case of D451E the charge movements did not saturate, even at +60 mV, the most positive potential tolerated well by the oocytes. Thus the value of Q max for this mutant is an underestimate. The voltage at which the charge movements are half completed, V 1/2 , was -33.4 ± 1.3 and -10.7 ± 2.3 mV for WT-GAT-1 and D410E/D451E, respectively (Fig. 6) . Because of the lack of saturation, also the V 1/2 value for D451E could not be determined from these experiments and the "real" Q/V plot for this mutant should be even more right shifted than that shown in Fig. 6 . The value for WT-GAT-1 is slightly different from that reported previously (6), probably because the measurements were done with different batches of oocytes, side-by-side with those expressing D410E/D451E and D451E. For WT-GAT-1 and D410E/D451E, analysis of the charge movements also allows calculation of the value of zδ, where z is the charge on the particle moving and δ is the fraction of the membrane field through which the charge moves. The values for zδ for WT and D410E/D451E were very similar, namely 1.2 ± 0.1 and 1.3 ± 0.1, respectively. This is in reasonable agreement with data on WT-GAT-1 from the literature (3).
To better understand the interaction between the D451E and D410E mutations, it was important to measure the apparent sodium affinity of D410E. Since oocytes expressing D410E did not exhibit any transport currents, we estimated the sodium dependence of [ 3 H]-GABA transport in the HeLa cell expression system. Because of the low activity of D410E at 150 mM of sodium, it would be difficult to measure transport at low sodium concentrations, especially because of the anticipated reduced apparent sodium affinity of D410E. However, HeLa cells tolerate sodium concentrations as high as 300 mM. In this hyperosmotic environment the apparent sodium affinity of D410E could be estimated. Unlike WT-GAT-1, which almost fully saturates at 150 mM, D410E doesn't even reach saturation at 300 mM of sodium (Fig. 7) . Although the exact value of K 0.5 cannot be accurately measured, clearly D410E has a significantly lower apparent sodium affinity than that of WT-GAT-1.
Conformational Dynamics of the Gating Mutants-
Perturbation of the extracellular "thin" gate by the D451E mutation resulted in an increased proportion of outward-facing transporters as judged by the increased reactivity of the endogenous Cys-74 on TM1 to membrane impermeant MTSET (6) . Out of the 15 endogeneous cysteines only modification of Cys-74 and Cys-399, located on TM8, has a functional impact (22). Because of the low reactivity of Cys-74, we used Cys-399 to monitor the conformational equilibrium of the gating mutants. This residue is not accessible to MTSET, but can react with membrane-permeant NEM from the intracellular medium (27) . Under conditions which favor the outward facing state, Cys-399 is protected and less sensitive to modification by NEM (27) . We have used the reactivity of Cys-399 to probe the effects of NEM on the gatemutants. This was done in the background of the C74A mutant, to avoid additional effects resulting from modification of Cys-74. Pre-incubation with HeLa cells expressing the WT (containing the C74A mutation) with 0.5 mM NEM led to ~70% decrease in [ 3 H]-GABA transport activity (Fig. 8) . Introduction of the D410E mutation resulted in a marked potentiation of the inhibition by NEM and the opposite was true for D451E (Fig. 8) . This indicates that D410E and D451E shift the conformational equilibrium to increase the proportion of inward-or outward-facing transporters, respectively. Remarkably, in the presence of both mutations, the sensitivity towards NEM effects became practically identical to WT-GAT-1 (Fig. 8) . Importantly, NEM had no effect on the C74A/C399A double mutant, indicating that indeed, the effect of NEM reports on the accessibility of Cys-399. To rule out the possibility that potentiation of the inhibition in the case of C74A/D410E was due to exposure of another endogenous cysteine, we tested NEM inhibition with C74A/C399A/D410E. In this case, NEM didn't produce any inhibition (data not shown).
DISCUSSION
How can we explain the observations that were made here in the context of the transport cycle? Mutations of both extra-and intra-cellular "thin" gates (7) have a profound effect on transport (Fig.  2) , (6, 26, 27) . This suggests that their ability to close is a prerequisite to undergo the large conformational transitions of the fully-loaded and empty transporter (Fig. 1A, steps 3 and 5, respectively). These large conformational changes have been proposed to be the result of the rotation of the so-called bundle helices relative to the "scaffold" helices (28) or a variant thereof, which includes additional movements (29) . A mutation in the "thin" intracellular gate, such as D410E, is expected to shift the equilibrium towards the inward-facing state and we indeed obtained experimental evidence for this idea (Fig.  8) . Thus, the transition to the outward-facing conformation is not favored and during influx (Fig. 1A, clockwise) , the return of the empty transporter (step 5) is impaired. This leads to the observed decrease in V max . In contrast, mutations in the extracellular gate, such as D451E, shift the equilibrium to the outward facing state. Therefore, the translocation of the loaded transporter is now severely impaired during influx, also leading to a decreased V max . In outward-inward combinations, such as D410E/D451E, the probability of the transporters to visit both states, which is a prerequisite for transport, is increased. Therefore, these double mutants exhibit higher transport rates (Figs. 2, 4 and 5 ) and in the case of D410E/D451E this rate even approaches the rate of WT-GAT-1 (Table I) . Moreover, this ability of the double mutant to visit both states is reflected by the accessibility of the endogenous Cys-399, which in fact is very similar to that in WT-GAT-1 (Fig. 8) .
The functional interaction between the mutations on the extra-and intra-cellular sides is not always observed. For instance, the synergism was observed with D410E/R69K, but not with D410E/R69Q (Fig. 2) . Because with R69Q neither GABA-induced nor sodium-dependent transients can be observed, this mutant is more severely impaired than R69K. This suggests that when the probability for the gate to close falls below a minimal threshold, transport cannot be rescued anymore by a mutation in the opposite "thin" gate. It is clear that there is a strong correlation between conformational equilibrium, apparent sodium affinity and apparent GABA affinity. Since the predominant conformation for D451E is the outward-facing one, sodium, which stabilizes it, is more favorably bound and this can explain the high apparent sodium affinity for external gate mutants (6) . Because the mutant transporter prefers the outward-facing conformation, the probability of translocation to the inward-facing state (Fig. 1A, step 3) is much lower in D451E than that in the opposite direction (k -1 and k 1 , according to the Michaelis-Menten formalism, respectively) and probably for this reason the K m for GABA is very high. The opposite is true for D410E, where the inward-facing state is stabilized. Therefore, external sodium binding is impaired, resulting in a low apparent sodium affinity (Fig.  7 ). In the rare cases that this less-favored sodium bound state does occur, the subsequent substrate binding results in a very fast inward translocation, because the transporter "wants" to be inwardfacing. This is probably the reason for the very low K m of D410E. In the combination D410E/D451E, both apparent sodium affinity and K m for GABA become very similar to the levels of WT-GAT-1, presumably because the open probability of the two gates are more compatible with each other, just like in WT-GAT-1. It is important to point out that, besides the interpretation that the mutations may alter conformational equilibria, it is also possible that energy barriers between intermediate states of the transport cycle are affected. This would also alter the kinetic parameters. Nevertheless we favor the first scenario, because it is not only compatible with all of our data, but also with the structural data on LeuT (7, 29) . Our results are in harmony with a study of the internal-gate mutant Y335A of the dopamine transporter DAT (18) . Tyr-335 is the equivalent of Tyr-309 of GAT-1 and Tyr-268 of LeuT and participates in the network stabilizing the "thin" intra-cellular gate (7) . It was shown that the mutation decreased the extracellular accessibility and resulted in an increased apparent affinity for dopamine (18) , consistent with our observations (Table I, Fig. 7) . Remarkably, when Zn 2+ , which renders DAT more outward-facing, was applied to the mutant-transporters, the apparent affinity for substrates/blockers was reduced/increased (18) . At the time it was not clear by which mechanism Zn 2+ was able to render the transporter outward-facing. The very recent description of the structure of the outward-and inward-facing conformations of LeuT (29) ) binds sodium ions (step 1), followed by GABA (G) and chloride ions (step 2) to yield the loaded outward facing transporter. This is followed by occlusion of GABA and the cotransported ions and subsequently the loaded transporter becomes inward facing (step 3). After release of GABA and the cotransported ions to the cytoplasm (step 4), the empty inward facing transporter (in T -) reorients to yield again the outward facing empty transporter (step 5), and a new translocation cycle can begin. The sodium concentration dependence of the capacitative transient currents has been reported to be cooperative and therefore we assume that both sodium ions bind to the empty outward facing transporter before GABA and chloride. The order of binding and debinding (steps 2 and 4) is not indicated. The membrane voltage of oocytes expressing A) WT, B) D451E or C) D410E/D451E was stepped from a holding potential of -25 mV to voltages between -140 to +60 mV in 25-mV increments. Each potential was held clamped for 500 ms, followed by 500 ms of a potential clamped at -25 mV. All traces shown for every mutant are from the same oocytes that are representative of at least three repeats. Transient currents (left) -Currents in ND96 plus 10µM tiagabine were substracted from those in ND96 alone. GABA induced currents (right)-currents in ND96 were subtracted from those in the same medium supplemented with 1mM (GAT-1-WT and D410E/D451E) or 10mM Fig. 4) at each potential from 420-480 ms were averaged and normalized to the GABA-induced current of GAT-1-WT at -140 mV. These currents were then plotted against the corresponding potential (Voltage (mV)). Inset-the currents of WT and D410E/D451E normalized to their own currents at -140mV. The data are the means ± S.E. of at least three repeats. The GABA-induced currents by GAT-1-WT ranged from -250 to -500 nA. Figure 6 -Voltage-dependence of the charge movements by GAT-1 WT and mutant transporters. The charge movements of oocytes expressing WT-GAT-1 (), D451E () and D410E/D451E () in 100 mM sodium are plotted as a function of the voltage. Charge movements were normalized to Q max and were fit, using the Boltzmann distribution non-linear-curve-fit function in Origin 6.1 (OriginLab Corporation). Note that under these conditions, the charge movements of D451E do not reach saturation in depolarizing potentials. Data points are averaged from 3 oocytes for each transporter (where the SEM is not visible, the error is smaller than the size of the symbols). ]-GABA transport as described under "Experimental Procedures". Transport was carried out for 3 minutes for WT and 12 minutes in the case of D410E at the indicated sodium concentrations with choline as the substituting ion. The GABA concentration was ~4-fold higher than the K m for each transporter (Table I )-1.1 µM for D410E and 10.15 µM for WT. Data shown at the indicated sodium concentrations are normalized to transport of either WT or D410E at 300 mM sodium (no choline substitution) and are the mean ± S.E. of at least 3 separate experiments performed in quadruplicate. 
